19 20 21 42 followed by the desert and temperate ecotypes. Our findings indicate that vulnerability to 43 climate change will be highly influenced by biogeographic factors, and we stress the need for 44 integrative assessments of climatic adaptive traits for accurate estimations of population and 45 ecosystem responses. 46 58
Abstract 22 Resilience to environmental stressors due to climate warming is influenced by local 23 adaptations, including the capacity for plastic responses. The recent literature has focussed on 24 genomic signatures of climatic adaptation, however little work has been done to address how 25 plastic capacity may be influenced by biogeographic history and evolutionary processes. Here, 26 we investigate phenotypic plasticity as a target of climatic selection, hypothesising that lineages 27 that evolved under warmer climate will exhibit greater plastic adaptive resilience to thermal 28 stress. This was tested using common garden experiments to compare gene expression 29 regulation within and among a temperate, a subtropical and a desert ecotype of Australian 30 rainbowfish. Individuals from each ecotype were subjected to contemporary and projected 31 summer thermal conditions for 2070, and their global patterns of gene expression were 32 characterized using liver transcriptomes. Critical thermal maximums were also determined for 33 each ecotype to assess thermal tolerance. A comparative phylogenetic expression variance and 34 evolution model framework was used to assess plastic and evolved changes in gene expression. 35 Similar changes in both the direction and the magnitude of expressed genes were found within 36 ecotypes. Although most expressed genes were identified in all ecotypes, 532 genes were 37 identified as candidates subject to ecotype-specific directional selection. Twenty-three of those 38 genes showed signal of adaptive (i.e. genetic-based) plastic response to future increases in 39 temperature. Network analyses demonstrated centrality of these genes in thermal response 40 pathways, along with several highly conserved hub genes thought to be integral for heat stress 41 responses. The greatest adaptive resilience to warming was shown by the subtropical ecotype, Introduction 47 Characterizing mechanisms underpinning variation in ecological adaptation can assist in 48 identifying biogeographic patterns of vulnerability and resilience to environmental change. 49 Climate change has promoted numerous range shifts and local extinctions due to exposure of 50 populations to conditions outside their zones of tolerance (Grabherr, Gottfried, & Pauli, 2009 ; 51 Parmesan et al., 1999; Thomas & Lennon, 1999; Wiens, 2016) . However, it is expected that 52 some populations will be able to persist in situ if they are not already living at the edge of their 53 tolerance limits; or, if they are able to acclimatise or adapt outside their current range of 54 tolerance (Catullo, Ferrier, & Hoffmann, 2015; Hoffmann & Sgro, 2011; Stillman, 2003 ; 55 Sunday, Bates, & Dulvy, 2011, 2012). Species' distributions are strongly influenced by thermal 56 conditions in their native climates; it is expected that tolerance ranges and vulnerability to 57 change will also be influenced by biogeographic factors (Addo-Bediako, Chown, & Gaston, an individual to up-or down-regulate genes in response to the environment. For many genes, 72 this occurs primarily at the level of transcription, and a complexity of plastic responses (i.e. 73 adaptive, maladaptive or neutral) have been observed in regard to individual fitness 74 (Ghalambor, Wund, 2012) . Plasticity itself can be a target of selection if genotypes differ in their 81 sensitivity to environmental variation (Fusco & Minelli, 2010) , including selection driving 82 rapid adaptive evolution of genes exhibiting non-adaptive plasticity (Ghalambor et al., 2015) . 83 84 In the context of climate, studies of gene expression can inform about the functional pathways 85 relevant for persistence under a given condition, as well as the likely targets of selection 86 (Komoroske et al., 2015; Reed, Schindler, & Waples, 2011) . This is especially important where 87 phenotypes of ecological relevance are not obvious, and may be difficult to distinguish using 88 traditional approaches (Nevins & Potti, 2007; Nosil, 2012 Fig. 1 ), suggesting that their evolution has been 146 influenced by selective pressures associated with climatic regimes. For this reason, we refer to 147 them herein as climatic 'ecotypes', sensu Engelhard, Ellis, Payne, ter Hofstede, and Pinnegar 148 (2010). We used an experimental approach to compare short-term transcriptional responses to 149 a projected future temperature in subtropical, temperate and desert rainbowfish ecotypes. In 150 addition, physiological tolerance to thermal stress was assessed by empirically estimating the 151 critical thermal maximum of each ecotype. We hypothesise that ecotype resilience in future 152 climates will be dependent on the biogeographic region in which a given ecotype has evolved. 153 As such, we also predict to find evidence for adaptation of plastic responses to temperature 154 among ecotypes. To test this, we applied a comparative phylogenetic expression variance and Determination of thermal tolerance (CT MAX ) 286 We determined the thermal tolerance of each ecotype via short-term CT MAX experiments 287 following Becker and Genoway (1979) . To control for sex and age-related effects, we collected 288 10 females of each ecotype from the same populations used for the transcriptomic experiments. 289 After acclimation to 21°C for a minimum period of 60 days, each fish was placed individually 290 in a 5 L glass beaker containing 3L of water at 21°C. Water temperature was increased at a rate 291 of approximately 1°C every 3 minutes (rate of 0.33°C/min) using a digital water bath SWBD 292 (Stuart ® ). We stopped the experiment and recorded the temperature when the fish showed both ORFs were detected and 34,815 uni-genes were identified (Table S1 ). Based on all transcript 308 contigs, an N50 of 1702 and an average contig length of 904 were achieved. Assembly 309 completeness assessment using BUSCO found a high percentage of genes in common with fish 310 gene datasets (e.g. 89.2% for Melanotaenia, Fig. S1 ). All downstream analyses were based on 311 the reference set of 34,815 de novo assembled uni-genes. the EVE analysis ( Fig. 1B) . Of the 34,815 uni-genes assessed with the EVE, 532 were 337 identified as candidates subject to lineage-specific directional selection on expression level 338 (FDR 10%). These were the genes that showed greater expression variance among rather than 339 within lineages after controlling for phylogenetic effects. The dendrogram of individuals based 340 on these genes was consistent with phylogenetic patterns (Fig. S2 ) which showed greater 341 differentiation between subtropical and desert ecotypes. Out of these 532 candidate genes, 23 342 were also identified as differentially expressed between treatments (Fig. 4A) The protein network analysis identified six genes with high degree of interaction, all of which 362 were heat shock proteins. These hub genes included the only uni-gene identified as DE in all 363 three ecotypes, and as a candidate for divergent selection by the EVE model ( Fig. 4B ; Table   364   S5 ). In addition, the 16 uni-gene candidates for shared plasticity found to be DE between 365 treatments in two or more ecotypes, as well as the 23 EVE candidate genes related to heat stress 366 response between treatments, showed higher average node degrees compared with the rest of 367 the DE genes (Table S5 ). This suggests an important role of these genes in plastic and adaptive 368 heat stress responses of rainbowfish, respectively.
370
Empirical thermal tolerance (CT MAX ) 371 Thermal tolerance was significantly different among ecotypes (p = <0.001, Table S2 . This approach identified a large suite of candidates for divergent selection 440 on gene expression between ecotypes, of which a subset of 23 genes also showed significant 441 ecotype-specific response to thermal manipulation (Fig. 4A ). We consider these as strong 442 candidates for adaptive (i.e. genetic-based) plastic response to future increases in temperature. 443 Network analyses demonstrated centrality of these genes in thermal response pathways, while 444 also identifying several highly conserved hub genes. These genes appear to be of fundamental 445 importance for modulating thermal response pathways and adaptive potential in the three 446 ecotypes. Together, these results show that while integral expression responses can be 447 conserved among lineages, the tendency for divergence in response to thermal stress is high. 448 This divergence not only exceeds neutral expectations but corresponds to differences in thermal The majority of DE genes under 2070-projected temperature manipulation exhibited patterns 476 of variation that could be associated with phylogenetic distance (Fig. 1B; Fig. 2B ). This 477 demonstrates that plastic responses to future climates can be highly constrained by 478 demographic history, even among groups which are as recently diverged as Australian 479 rainbowfishes (Unmack, Allen, & Johnson, 2013). Nonetheless, we were able to reject neutral 480 scenarios as the most parsimonious explanation for the variation in a large subset of DE genes. 481 In the case of the EVE candidates for directional selection to thermal stress, there was very 482 little expression polymorphism within ecotypes, but high levels of divergence between 483 ecotypes. We suggest that regulatory differences in these genes have helped to facilitate The centre of the gene interaction network for the three rainbowfish ecotypes consisted largely 494 of heat shock proteins, which play an important role in thermal responses in a wide variety of 495 taxa (Chen, Farrell, Matala, & Narum, 2018; Feder & Hofmann, 1999) . Patterns of plastic 496 responses to temperature were most likely to be shared among ecotypes in these central 'hub' 497 genes (Table S5 ). This indicates a conserved functional role, which may have been retained 498 through purifying and possibly stabilising selection. Hub genes influence the expression and 499 activity of genes downstream in an expression network, and tend to be highly conserved in 500 their expression between lineages (Evans, 2015) . In genome-wide studies of model organisms, 501 the deletion of hub genes is more likely to be deleterious than for non-hub genes. This can be 502 due to either compromised network structure, or simply because they are more likely to be 503 involved in essential interactions (He & Zhang, 2006) . However, the fact that the EVE 504 candidates for divergent expression among ecotypes also exhibited greater average 505 connectedness than other DE genes (Table S5) redband trout (Oncorhynchus mykiss gairdneri) found that the more resilient desert trout regulated a larger number of genes than the less resilient montane trout in response to acute 522 warming conditions (Garvin, Thorgaard, & Narum, 2015; Narum & Campbell, 2015) . While 523 the absolute number of transcripts regulated in a given condition can depend on many factors, 524 including differences in constitutive expression or qualitative differences such as amino acid 525 or regulatory changes (Somero, 2010) , it is possible that a larger number of regulated genes 526 may often reflect a more sophisticated plastic response to environmental stressors. In the case 527 of rainbowfish, it is too early to say whether the observed increase in number of DE genes 528 represents a more specialised adaptation to heat by the subtropical rainbowfish compared to 529 desert and temperate ecotypes. However, the association between thermal tolerance and 530 number of regulated transcripts does provide further evidence to support adaptive differences 531 in the potential for expression-mediated phenotypic plasticity.
533
Physiological thermal tolerance is specific to ecotype 534 It is generally assumed that organisms are adapted to or have the ability to acclimate to the 535 temperatures normally encountered in their habitat range (Ghalambor et al., 2006) . Thus, it has 536 been proposed that organisms that evolved in warmer climates will have higher thermal 537 tolerances than those in cool climates (Vernberg, 1959) , and that those which have evolved in 538 variable climates will have greater acclimation capacities and tolerance ranges than those in 539 more stable climates (Janzen, 1967) . Here, we found that critical thermal maximum (CT MAX ) 540 differed significantly among ecotypes, with the temperate ecotype displaying the lowest Due to this apparent trade-off, our findings may highlight an unforeseen risk for desert taxa. 565 The low humidity of desert environments allows rapid heat transfer, exposing organisms to 566 some of the most extreme temperature variations both diurnally and annually. Of the three 567 ecotypes assessed, the desert rainbowfish is currently faced with temperatures closest to its 568 CT MAX (Table S2 ; BOM, 2014), and its ability to adapt to extremely high temperatures may be 569 compromised by the need to maintain a large window of tolerance. It is already common for 570 ambient temperatures at the desert rainbowfish's sampling location (BOM, 2014) to exceed its 571 CT MAX , though larger water bodies are unlikely to reach such extremes due to the fluctuation 572 in diurnal temperatures (~15°C/day) and slow rates of heat exchange between air and water 573 (Livingstone & Lotter, 1998) . However, desert environments are predicted to experience more 574 extreme heat waves and longer droughts under climate change scenarios (IPCC, 2014) . This is 575 likely to not only increase the length of time in which organisms are exposed to thermal stress 576 conditions, but decrease the overall volume of aquatic refugia, making them more susceptible 577 to ambient temperatures (Magoulick & Kobza, 2003) . In such circumstances, typical 578 behavioural responses such as seeking shade or cool-water sites created by deeper water or 579 inflowing tributaries may be unable to compensate for these effects (Breau, 
Conclusions and perspectives 591
Climate change is creating a discord between some organisms' physiologies and their 592 environments. In order to predict the likelihood of range shifts, population declines or local 593 extinctions, it is useful to understand the distribution of adaptive diversity, including that of 594 adaptive plasticity. However, despite extensive empirical studies about standing genetic 595 variation and its effects on climate related traits, the concept of adaptive plasticity remains 596 relatively unaddressed. Here, we compared transcriptional and physiological responses to 597 projected future temperatures in three contrasting climatic ecotypes of Australian rainbowfish, 598 to test the effects of ecotype-specific directional selection on plasticity. Our results supported 599 the hypothesis that the capacity for plastic response to climate will vary biogeographically, 600 even within a closely related group. Moreover, by controlling for the effects of phylogeny, we 601 were able to infer that divergent selection on gene expression has contributed to observed 602 differences in plastic capacity among ecotypes. By demonstrating immediate response 603 mechanisms to thermal stress, as well as evidence for ecological selection on these mechanisms 604 among lineages, our results emphasise the key role of plasticity in both short-and long-term 605 climatic adaptation. While it is too early to link the observed transcriptional responses to direct 606 measures of fitness, the proxy provided by the assessment of thermal tolerance provides a 607 strong indication of ecological relevance. This has wide-ranging implications both for broad 608 biogeographic assessments of climate impacts, as well as for more focussed predictions of 609 species distribution changes which are only now beginning to account for intra-taxonomic 610 adaptive variation. This study represents a stride towards a more holistic understanding of 611 climatic adaptive potential in natural populations. 
